Magnetic shielding and vacuum test for passive hydrogen masers by Jacoby, A. B. et al.
Magnetic Sh ie ld ing  and Vacuum Test f o r  Passive 
Hydrogen Masers 
D.U. Gubser, S.A. Wolf, A.B. Jacoby, and L.D. Jones 
Naval Research Laboratory  
Washington, DC 20375 
ABSTRACT 
V i b r a t i o n  t e s t s  on h i g h  permeab i l  i t y  magne t i c  
sh ie lds  used i n  t h e  SAO-NRL Advanced Development 
Model (ADM) hydrogen maser have been made. Magnetic 
s h i e l d i n g  f a c t o r s  were measured be fore  and a f t e r  
v i b r a t i o n  a t  t h e  Goddard Space F l i g h t  Center ,  
magne t i c  f i e l d  f a c i l i t y .  P r e l i m i n a r y  r e s u l t s  
i n d i c a t e  considerable ( <  25%) degradation. 
Test r e s u l t s  on t h e  NRL designed vacuum pumping 
s t a t i o n  f o r  t h e  ADM hydrogen maser a re  a l so  discus- 
sed. This system employs s in te red  z i rconium carbon 
g e t t e r  pumps, supp l ied  by SAES Getters, t o  pump 
hydrogen p lus  small i o n  pumps t o  pump t h e  i n e r t  
gases. I n  s i t u  a c t i v a t i o n  t e s t s  and pumping 
c h a r a c t e r i s t i c s  i ndica te  t h a t  t h e  system can meet 
design spec i f i ca t ions .  
IN JRODUCTION 
Hydrogen masers t o  be  used as c locks  aboard nav iga t i on  s a t e l l i t e s  must 
be l i g h t  bu t  rugged enough t o  wi thstand shock and v i b r a t i o n  in t roduced 
dur ing  launch. For t h e  past several years, we have been developing 
bo th  the  magnetic s h i e l d i n g  system and t h e  vacuum pumping system f o r  
such a hydrogen maser. I n  p a r t  I o f  t h i s  two p a r t  a r t i c l e  we r e p o r t  on 
p re l im ina ry  shock and v i b r a t i o n  t e s t s  performed on magnetic sh ie lds  
designed f o r  a space-worthy hydrogen maser. I n  p a r t  11, we r e p o r t  on 
vacuum and pumping c h a r a c t e r i s t i c s  o f  our smal 1, 1 igh twe igh t  hydrogen 
maser pumping system. 
1. MAGNETIC SHIELDS 
A compact, 1 igh twe igh t  magnetic sh ie ld ing  system us ing h igh  perme- 
a b i l i t y  T t e r i a l  has been designed, and t e s t e d  by us and prev ious ly  
described (Fig. 1). It cons is t s  o f  4 nested sh ie lds,  each 0.35 mm 
t h i c k ,  w i t h  an OD o f  19.4 cm, and I D  o f  13.8 cm, and o v e r a l l  l eng th  o f  
30 cm. I n  o rder  t o  t e s t  t h e  v u l n e r a b i l i t y  o f  these sh ie lds  t o  shock 
and v i b r a t i o n  they were assembled w i t h i n  a specia l  harness i n  a manner 
which dup l i ca ted  as c lose  as poss ib le  the  ac tua l  hydrogen maser mount- 
i n g  arrangement i nc lud ing  heaters, thermal b lankets  and a "dummy" 'load 
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r e p l i t a t i n g  t h e  mass o f  t h e  maser cav i ty .  A t  var ious l o c a t i o n s  on each 
i n d i v i d u a l  sh ie ld ,  accelerometers were mounted t o  measure t h e  magnitude 
o f  t h e  v i b r a t i o n  and t o  t e s t  f o r  unwanted system resonances. The 
sh ie lds  were v ib ra ted  a t  NRL's shock and v i b r a t i o n  l abo ra to ry  i n  a 
manner which s imulated expected launch leve ls .  F igu re  2 shows the  
v i b r a t i o n  t a b l e  w i t h  t h e  i n s t r u m e n t e d  s h i e l d i n g  system a t tached .  
Fig. 1. Photo o f  Magnetic Sh ie ld  
s y s t e m  f o r  h y d r o g e n  
Maser. 
F ig .  2 Photo o f  Assembled 
Sh i e l  d sys tern s howi ng 
instrumented mounting 
h a r n e s s  a t o p  N R L  
v i  b r a t  i n g  t a b 1  e. 
The magnetic s h i e l d i n g  f a c t o r  was measured be fore  and a f t e r  v i b r a t i o n  
a t  t h e  Goddard Space F l i g h t  Center where homogeneous f i e l d s  o f  _+60pT 
cou ld  be e x t e r n a l l y  appl ied. I n t e r n a l  f i e 1  ds were measured w i t h  a f l u x  
gate magnetometer w i t h  ?.lnT reso lu t ion .  The sh ie ld ing  f a c t o r  AHext/ 
AHint be fo re  v i b r a t i o n  t e s t i n g  was 55,000. This va lue  i s  50% lower  
than  prev ious sh ie lds  o f  s i m i l a r  des ign and i n d i c a t e s  t h a t  f a b r i c a t i o n  
s t r a i n s  i n  t h e  h igh  permeab i l i t y  ma te r ia l  were not  completely removed 
dur ing  t h e  f a c t o r y  anneal 1 i ng procedure. 
F igu re  3 i s  a p l o t  o f  t h e  power spec t ra l  dens i t y  o f  v i b r a t i o n  as a 
f u n c t i o n  o f  frequency. Curve ''a'' i s  from a " con t ro l "  accelerometer 
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mounted on t h e  harness o f  t h e  system du r ing  v i b r a t i o n  tes ts .  Curve "b" 
i s  t he  power spec t ra  dens i t y  from an accelerometer mounted on one o f  
t h e  sh ie lds  dur ing  t h e  same tes t .  As can be seen t h e r e  i s  a consider- 
ab le  d i f f e r e n c e  i n  t h e  two curves. The s h i e l d  a t  t h e  l o c a t i o n  o f  t h e  
accelerometer i s  experiencing s i g n i f i c a n t ,  frequency dependent reso- 
nances i n d i c a t i n g  s h i e l d  f l e x i n g  d u r i n g  v i b r a t i o n .  S p e c t r a  f rom 
accelerometers l oca ted  a t  o the r  spots on t h e  sh ie lds  va r ied  i n  d e t a i l ,  
b u t  a1 1 showed frequency dependent resonances. 
F i g .  3. P o w e r  
s p e c t r a l  
d e n s i t i e s  
o f  v i b r a -  
t i o n  a s  
m e a s u r e d  
o n  moun t -  
i ng harness 
''a" and o n  
one o f  t h e  
s h i e l  d s  
I' b" . 
Fol lowing t h e  v i b r a t i o n  t e s t s ,  t h e  sh ie ld ing  f a c t o r  was again measured 
and found t o  be reduced from 55,000 t o  40,000 - a degradation o f  25%! 
Th is  amount o f  degradation i s  q u i t e  large. It i s  poss ib le  t h a t  t h e  
i n i t i a l  s t r a i n s  i n  t h i s  poor ly  annealed se t  of sh ie lds  may have pred is -  
pos i t i oned  t h e  sh ie lds  t o  a more r a p i d  degradation. We w i l l  soon be 
t e s t i n g  a more c a r e f u l l y  annealed s h i e l d  se t  i n  o rder  t o  asce r ta in  t h e  
degradation l e v e l  i n  a sh ie ld ing  system more l i k e l y  t o  be employed i n  
an operat ing maser. 
D i f f e r e n t  mounting arrangements f o r  t h e  magnetic sh ie lds  may a l l e v i a t e  
some o f  t h e  problems observed w i t h  v i b r a t i o n  induced s h i e l d i n g  degrada- 
t i o n .  More shock absorbing o r  cushioning ma te r ia l  between t h e  sh ie lds  
may prevent some o f  the  resonances. A l t e r n a t i v e l y  one could increase 
t h e  th ickness o f  t h e  sh ie lds  which w i l l  g i ve  them more r i g i d i t y  wh i l e  
a t  t h e  same t ime prov ide  a grea te r  i n i t i a l  s h i e l d i n g  f a c t o r  f o r  s a f e t y  
margin against  degradation. Inc reas ing  t h e  s h i e l d  th ickness by 20% 
w i l l  double t h e  s h i e l d i n g  f a c t o r  f o r  a 4 -sh ie ld  system, i.e. changing 
t h e  s h i e l d  th ickness  from .35 t o  .43 mm should p rov ide  an adequate 
sa fe ty  margin even us ing  t h e  present mounting arrangement. 
I. SUMMARY/CONCLUS I O N  
We have demonstrated a p o t e n t i a l  shock and v i b r a t i o n  problem associated 
w i t h  t h e  magne t i c  s h i e l d  system o f  a space-borne hydrogen maser. 
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Shie ld ing  f a c t o r  reduc t i on  o f  25% have been seen on a poor ly  annealed 
s h i e l d  set. Fu ture  t e s t s  on b e t t e r  annealed s h i e l d s  and d i f f e r e n t  
mounting arrangements should suggest ways t o  a l l e v i a t e  some o f  t h e  
p rob l  ern. 
I I. VACUUM/PUMPING SYSTEM 
The vacuum/pumping systein was designed t o  be compact, 1 igh twe igh t  and 
s t r u c t u r a l  l y  strong. A complete feview o f  t h e  var ious  design consider- 
a t i ons  was presented l a s t  year. The system as f i n a l l y  const ructed 
i s  schemat ica l ly  shown i n  Fig. 4. It cons is t s  o f  a Ti-6A1/4V chamber 
which houses t h e  s t a t e  s e l e c t o r  magnet and 2 ST 171 Z r - C  g e t t e r  pumps 
b u i l t  by SAES Getters. Attached t o  one p o r t  on t h i s  chamber were 2 
small  Var ian appendage i o n  pumps ( %  %/SI f o r  a s s i s t i n g  t h e  g e t t e r  pumps 
w i t h  res idua l  gases (o the r  than  H ). This  chamber was welded t o  t h e  
hydrogen maser and t h e  hydrogen d izassoc ia to r  was attached w i t h  a v i t o n  
"O"-ring t o  t h e  bottom flange. The vacuum/pumping system t e s t s  were 
designed t o  determine i) t h e  a c t i v a t i o n  procedure ii) t h e  system 
pumping speed and t o t a l  hydrogen capac i ty  o f  t h e  g e t t e r  pumps and i i i )  
r es idua l  gas contamination l e v e l s  and opera t ion  o f  small  appendage i o n  
pumps. The maser was i n i t i a l l y  operated us ing  t h e  described pumping 
system bu t  w i t h  a turbo-molecular pump ins tead o f  t h e  g e t t e r  pumps i n  
o rder  t o  a s c e r t a i n  t h e  i n i t i a l  operat ing c o n d i t i o n  o f  t h e  complete 
system p r i o r  t o  t h e  i n  s i t u  g e t t e r  pump tests .  
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Fig. 4. Schematic drawing o f  L igh twe igh t  pumping system f o r  H2 Maser. 
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I N 
We used on ly  1 Zr -C  g e t t e r  pump i n  the  performance tes ts .  The second 
g e t t e r  pump p o r t  was used t o  a t tach  a turbo-molecular pump f o r  system 
evacuation d u r i n g  a c t i v a t i o n  and f o r  i n s e r t i o n  o f  thermocouple (TC) 
leads i n t o  t h e  vacuum space. One TC was .attached t o  t h e  g e t t e r  pump t o  
mon i to r  i t s  temperature w h i l e  t h e  2nd was at tached t o  the  s t a t e  selec- 
t o r  magnet (AlNiCo V I I ,  hexapole) immediately fac ing  t h e  g e t t e r  pump. 
The two appendage i o n  pumps were at tached t o  one o f  t h e  remaining small  
p o r t s  wh i l e  a p a r t i a l  pressure analyzer  (Perkin-ELMER/Ul tek  Inc. Model 
607-1000) was attached t o  t h e  remaining por t .  Thus we were ab le  t o  
mon i to r  p a r t i a l  pressures o f  a l l  gases present i n  t h e  system a t  a l l  
times. 
i) A c t i v a t i o n  Tests 
The g e t t e r  pumps where equ ipped w i t h  an i n t e r n a l  h e a t e r  f o r  
ac t i va t i on .  I n i t i a l  attempts t o  a c t i v a t e  t h e  pumps were thwarted 
b y  h e a t e r  b u r n  o u t  and s h o r t s  ( a  m a n u f a c t u r i n g  prob lem h o p e f u l l y  
be ing cor rec ted)  and by a 1 arge thermal 1 eakage from t h e  pumps t o  t h e  
ou ts ide  world. A design m o d i f i c a t i o n  i n v o l v i n g  i n s e r t i o n  o f  several 
i n t e r n a l  r a d i a t i o n  s h i e l d s  l o c a t e d  1 )  i n s i d e  t h e  T i  pumping arm 
surrounding t h e  g e t t e r  pump, 2) between t h e  i nne r  diameter o f  t h e  
g e t t e r  pump and t h e  c e n t r a l  s u p p o r t  r o d  and 3)  between t h e  f e e d  
t h r u  f lange and t h e  face o f  the  pump. These design changes reduced 
t h e  power requ i red  t o  a c t i v a t e  t h e  pumps by 75%! During ac t i va t i on ,  
t h e  T i  arm housing t h e  g e t t e r  pump was water cooled on t h e  ou ts ide  
by  s l i p p i n g  a double "O"-ring sealed brass coo l i ng  c o l l a r  over it. 
The c o o l i n g  w a t e r  was t h u s  d i r e c t l y  i n  c o n t a c t  w i t h  t h e  T i  me ta l  
i t s e l f .  A c t i v a t i o n  was accomplished by main ta in ing  t h e  g e t t e r  ma te r ia l  
a t  900°C f o r  30 minutes as recommended by SAES Getters. 475 wat ts  o f  
power (8.5 amps a t  55 v o l t s  ac) were requ i red  f o r  ac t i va t i on .  During 
a c t i v a t i o n  t h e  s t a t e  se lec to r  magnet reached a maximum temperature o f  
195OC - w e l l  below t h e  range whtre degrad ia t ion  i s  a n t i c i p a t e d  The 
vacuum was maintained i n  the  10- t o r r  range o r  below w i t h  the  turbo-  
molecul a r  pump. Predominate gases emi t ted  dur ing  a c t i v a t i o n  were H20, 
CO, N2, and hydrocarbons. A f t e r  ac t i va t i on ,  t h e  system was al lowed 
t o  cool, t h e  turbo-molecular pump was valved o f f ,  and an u l t i m a t e  
pressure o f  4x10m7 t o r r  was a t t a i n e d  w i t h  t h e  two i o n  appendage pumps 
and t h e  g e t t e r  pump. (See Table I) 
ii) Pumping Speed and Capacity 
I n i t i a l  t e s t s  o f  t h e  pumping speed were attempted us ing a va r iab le  
leak va lve ( G r a n v i l l e - P h i l l i p s ,  Model 203) attached t o  a conta iner  o f  
5-9 p u r i t y  Hydrogen. Even t h i s  h igh  p u r i t y  gas had enough A r  and N 
i m p u r i t i e s  t o  v i t i a t e  a l o n g  t e r m  t e s t .  The i o n  pumps c o u l d  n o t  
ma in ta in  low A r  and N l e v e l s  a t  t h e  accelerated f l o w  r a t e  des i red f o r  
t h e  tes t .  Fo l low ing  t h i s  discovery, a Pd va lue was i n s e r t e d  i n  t h e  
H2 gas stream i n  order  t o  f u r t h e r  cleanse t h e  gas. 
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A f t e r  i n s e r t i o n  o f  t h e  Pd v a l u e  i n  t h e  H f l o w ,  t h e  e n t e r i n g  
gas was f r e e  from any de tec tab le  i m p u r i t i e s  excgpt a small  amount o f  
He. The pumping speed was determined by f i l l i n g  an ex terna l  conta in-  
e r  of known volume Vext (8.3 l i t e r s )  w i t h  800 T o r r  H2 and mon i to r ing  
t h e  pressure drop w i t h  a Quar tz  Manometer as t h e  gas f lowed i n t o  t h e  
maser, dPext/dt. The pressure i n s i d e  t h e  maser Pintwas measured w i t h  
t h e  PPA ( t o t a l  pressure) and t h e  f l o w  r a t e  was c a l c u l a t e d  from t h e  
f ormul a 
'ext dPext S (R/sec) = -d t  . i n t  
The measured average pumping speed was 20 l i t e r s / s e c  dur ing t h e  1 s t  
30 days o f  t h e  t e s t .  Since t h e  repor ted  pumping speed o f  the  Ge t te r  
pump i s  >lo0  R /sec, we assume t h a t  20 Rlsec represents a conduction 
l i m i t e d  speed dependent on t h e  geometry o f  the b a f f l e s  and support 
mectanisms o f  t h e  g e t t e r  pumps. The f l o w  r a t e  f o r  t h i s  t e s t  was 
10- t o r r  R/sec which i s  approximately 5 t imes l a r g e r  than dur ing  
maser operation. The t o t a l  capac i ty  o f  t h e  H2 pumped as o f  t h e  w r i t i n g  
o f  t h i s  a r t i c l e  i s  400 t o r r  l i t e r s  - 1/5 t h e  expected usefu l  capacity. 
These numbers are  l i s t e d  Sn Table I. 
iii Residual Gas Contamination - i o n  pump opera t ion  
A p r i m a r y  concern  i n  t h e s e  t e s t s  was t h e  r e s i d u a l  gas l e v e l s  
( f  H ) i n  t h e  system which might  contaminate t h e  g e t t e r  pumps, l i m i t i n g  
t h e i r  usefu l  l i f e t i m e  and capacity. Associated w i t h  t h i s  same concern 
was t h e  opera t ion  o f  t h e  small i o n  pumps which were incorporated i n t o  
t h e  system t o  a l l e v i a t e  these res idue gas problems. 
Fo r  a c l e a n  system, c a l c u l a t i o n s  suggested t h a t  two s m a l l  V a r i a n  
appendage pumps wou ld  s u f f i c e  t o  m a i n t a i n  s t a b l e  maser o p e r a t i o n  
provided t h e  i o n  pumps were not  degraded w i t h  t ime due t o  operat ion i n  
a h igh  p a r t i a l  pressure o f  H To increase t h e  l i f e t i m e  o f  t h e  i o n  
pumps operat ing i n  a h y d r o g g  atmosphere, t h e  opera t ing  vo l tage was 
reduced. The pumping e f f i c i e n c i e s  f o r  l i g h t e r  elements (such as H ) 
i s  reduced t o  a much g rea te r  ex ten t  than t h e  heavier  elements (such $s 
N, 0, A r ,  and hydrocarbons) as the  operat ing vo l tage o f  the  pumps is  
lowered. To determine t h e  optimum operat ing voltage, we measured t h e  
res idua l  gas l e v e l s  i n  t h e  system as a f u n c t i o n  o f  i o n  pump vo l tage f o r  
two condi t ions:  1) H f l o w  w i t h  no Pd va lue (Fig. 5a) and 2) H2 f l o w  
w i t h  Pd va lue (Fig. 58). 
I n  Fig. 5a one notes subs tan t i a l  l e v e l s  o f  A r  and N which were i n  t h e  
H gas i t s e l f .  With t h e  i o n  pump o f f ,  t h e  A r  and N ?evels q u i c k l y  rose  
a i d  t h e  t o t a l  pressure of- the  system increased cont inuously ,  i.e. t h e  
g e t t e r  pumps cou ld  no t  pump these gases s u f f i c i e n t l y  w e l l  t o  ma in ta in  a 
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Fig. 5. Residual gas levels i n  H Maser. (See discussion Ref. 3) .  2 
( s a )  H2 flow w i t h  no Pd value 
(5b)  H2 flow w i t h  Pd value 
(5c) Gas spectrum after 40 days o f  operation a t  a flow rate 
o f  torr ~ / s e c .  
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constant  t o t a l  system pressure a t  the flow r a t e  used. With  an operat-  
ing vol tage of 1 Kvolt, the  system would maintain a s t a b l e  pressure 
( a l b e i t  a t  a low f low r a t e ) ,  due t o  t h e  ion pumps a s s i s t ance  w i t h  
pumping. Ar p a r t i a l  pressure remained r e l a t i v e l y  high s ince  the 
g e t t e r s  do not pump Ar. I t  appears t h a t  low vol tage levels 1<V<2 
Kvolts can e f f e c t i v e l y  pump most contaiminants i n  the maser. H2 does 
not appear t o  be s i g n i f i c a n t l y  pumped a t  these vol tage  levels. 
The same t e s t  was  a g a i n  performed a f t e r  i n s e r t i o n  o f  the Pd 
valve. Figure 5b shows the gas  l e v e l s  vs ion vol tage f o r  this test. 
As can be seen, the system i s  much c leaner ,  i.e. the Pd value removed 
the contaminants i n  the HZ gas. A t  1 Kvolt, CH4, CO, H2Q and some Ar 
was detected i n  the A t  1.5 Kvolt, a l l  gas  contami- 
na t ion  l e v e l s  had f a l l e n  i n t o  the low8 range except water. Thus i t  
appears,  t h a t  one can maintain a c lean  system operat ing t h e  Varian 
appendage pumps a t  vo l tages  a s  low a s  1.5 Kvolts. We chose t o  opera te  
the pumps a t  1.75 Kvolt f o r  the lifetime tests which a r e  i n  progress. 
A PPA t r a c e  showing the de tec t ab le  gas l e v e l s  o f  the system a f t e r  
operat ion f o r  40 days is  shown i n  Fig. 5c. Note the H 0 peak i s  50% 
lower a f t e r  40 days than i t  was when the da ta  i n  Fig. ?$I was obtained 
a f t e r  5 days of opera t ion ,  i.e. the system i s  cleaning up w i t h  time. 
t o r r  range.3 
11. SUMMARY/CONCLUSIONS 
We have now demonstrated t h a t  the major design f ea tu res  of the l i g h t -  
weight Vacuum Pumping System a r e  a t t a inab le .  Major problems/uncertai n- 
t i es  remaining a r e  assoc ia ted  w i t h  1) manufacturers re1 i a b i l i t y  f o r  
delivering q u a l i t y  getter pumps w i t h  in te rna l  h e a t e r  and 2) long 
lifetime tests f o r  b o t h  the getter pumps and the ion  pumps. 
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TABLE I 
Pump System C h a r a c t e r i s t i c s  
Ac t iva t ion  power 
Ac t iva t ion  tempera ture  
Ac t iva t ion  time 
U1 timate Vacuum 
475 w a t t s  
900OC 
30 minutes 
4x10m7 g e t t e r  + i on  
9x1 0- g e t t e r  
Pumping speed 20 /sec 
System p r e s s u r e  5 . 5 ~ 1 0 - ~  t o r r  
( a t  f low r a t e  of  t o r r  a / s e c )  
Total  pumped capac i ty  a t  
time o f  a r t i c l e  (40 days)  400 t o r r  l i ters  
Ion Pump Power < 1 wat t  pe r  pump 
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The p a r t i a l  p re s su res  measured and r epor t ed  a r e  only nominal. 
The  Ultek PPA does  not a c c u r a t e l y  determine p a r t i a l  p r e s s u r e s  
o f  r e s i d u a l  g a s s e s ,  b u t  r a t h e r  g i v e s  a s i g n a l  a p p r o x i m a t e l y  
p r o p o r t i o n a l  t o  t h e i r  r e l a t i v e  abundance  i n  t h e  system. T h e  
to ta l  pressure readings ,  however, a r e  q u i t e  a c c u r a t e  s i n c e  i n  
this mode t h e  PPA o p e r a t e s  as  an i o n i z a t i o n  guage. 
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